Abstract. Spirit leveling data from the Nepal Himalaya between 1977 and 1990 indicate localized uplift at 2-3 mm/yr in the Lesser Himalaya with spatial wavelengths of 25-35 km and at 4-6 mm/yr in the Greater Himalaya with a wavelength of-,40 km. Leveling data with significantly sparser spatial sampling in southern Tibet between 1959 and 1981 suggest that the Himalayan divide may be rising at a rate of 7.5ñ5.6 mm/yr relative to central Tibet. We use twodimensional dislocation modeling methods to examine a number of structural models that yield vertical velocity fields similar to those observed. Although these models are structurally nonunique, dislocation models that satisfy the data require aseismie slip rates of 2-7 mm/yr on shallow dipping faults beneath the Lesser Himalaya and rates of 9-18 mm/yr on deep thrust faults dipping at -25øN near the Greater Himalaya. Unfortunately, the leveling data cannot constrain long-wavelength uplift (>100 km) across the Himalaya, and unequivocal estimates of aseismie slip in central Nepal are therefore not possible. In turn, the poor spatial density of leveling data in southern Tibet may inadequately sample the processes responsible for the uplift of the Greater Himalaya. Despite these shortcomings in the leveling data, the pattern of uplift is consistent with a crustal scale ramp near the Greater Himalaya linking shallow northward dipping thrust planes (3-6 ø) beneath the Lesser Himalaya and southern Tibet. Aseismie slip on the potential rupture surface of future great earthquakes beneath the Nepal Himalaya south of this ramp appears not to exceed 30% of the total convergence rate between India and southern Tibet resulting in an accumulating slip deficit of 13ñ8 mm/yr.
. It is suspected that of the 15__.5 mm/yr convergence rate between India and southern Tibet, 1-5 mm/yr may be absorbed on structures within the Himalaya [Molnar, 1987] . Uplift rates in the Himalaya have been estimated using fission track methods indicating local rates of 5 mrn/yr during the past 0.7 my [Zeitler, 1985] . The local deformation of river terraces in the Nepal Himalaya is most intense in the Higher Himalaya and Lesser Himalaya suggesting that rates of uplift there may also approach 5 mm/yr [lwata, 1987, Molnar, 1987] .
Leveling networks on the Tibetan Plateau were remeasured by Peoples Republic of China (PRC) geodesists between 1959 and 1981 [Zhang, 1991] In a previous analysis of the Nepalese leveling data, we estimated subsurface interseismic slip rates on an inferred subsurface thrust fault beneath the Siwalik foothills [Jackson et al., 1992] . Bench mark coordinates and elevation change data for each recovered bench mark were unavailable to this previous study. Their incorporation in the present study resulted in an adjusted N-S uplift profile and improved estimates of vertical velocities and their uncertainties. In the present article, we examine the corrected velocity data supplemented by leveling data from the southern Tibetan Plateau [Wang and Yang, 1993] and new data on the subsurface geometry obtained from seismic reflection studies in Nepal and Tibet. Our goal in this study is to estimate the rate and distribution of interseismic convergence across the Himalaya. However, the non-unique interpretation of vertical motions in terms of their assumed causal horizontal motions presupposes an understanding of crustal structure and the subsurface mechanics at work within the Himalaya. The range of possible subsurface structural geometries and rates of deformation responsible for the Himalaya is large, and the surface deformation data available to us are perhaps more useful to reject untenable geometries than to identify ones that may be operative. We therefore limit ourselves to reviewing a subset of possible models. As an analysis tool we use two-dimensional elastic modeling methods and assume that it is possible to treat the collision zone as an elastic half-space with uniform elastic properties. This simplistic approach ignores the fact that the mechanics of an accretionary prism is moderated by gravitational as well as elastic and inelastic processes, that the topographic relief of the collision zone is severe, and that the scale of the collision process involves ductile and isostatic processes.
In the following treatment we first describe the nature and quality of the leveling data and discuss the geological and geometrical constraints on subsurface structures for the southern and northern segments of the leveling line. We then introduce several fault geometries which may be responsible for the observed vertical velocity fields in the southern and northern segments of the leveling line. We summarize the essential rates and geometries associated with these models and provide a lower bound for the India/Tibet convergence. We then compare a longterm slip rate model with the morphology of peaks in the Himalaya. The displacement data were normalized to vertical velocity by dividing by the appropriate measurement interval. These data are plotted in Figure 3b with the southernmost point near Birganj fixed to zero. However, because none of the bench marks are related to an absolute vertical datum during this interval of time, the vertical velocities are meaningful only in relation to each other and any arbitrary point could be held fixed in the data.
Bench marks in the southern and northern segments were inspected for stability. Eight points from Figures 3a and 3b were removed because they were clearly unstable and showed subsidence exceeding several tens of centimeters. Despite the rough terrain, most of the bench marks are set in bedrock or cemented in concrete bridge abutments, often seated on bedrock. Bench Figures 2 and 4 reveals that the quality and density of the leveling data from Nepal and Tibet differ substantially. In a previous analysis we showed that data from the southern and northern ends of the leveling line in Nepal are apparently free from slope dependent errors but that the line crossing the Mahabharat Range exhibits minor correlation between slope and line tilt and between elevation and elevation change [Jackson et al., 1992] . According to Nepal first-order standards [Shrestha, 1988] Notwithstanding the poor signal-to-noise ratio of the long wavelength signal, vertical deformation with wavelengths of the order of 40 km in Nepal is relatively well constrained where the leveling line follows a path associated with subdued relieL The random error for these signals attains a maximum displacement uncertainty of ~7 mm corresponding to a velocity uncertainty of less than _+0.5 mrn/yr for bench marks measured after 13 years and -+1 mm/yr uncertainty for those measured after 7 years. The northernmost 16-km segment of the leveling line is associated with a maximum random velocity uncertainty of __.3 mm/yr between Bharabise and Kodari. In Figure 3b we 
Errors in the Leveling Data

Inspection of
Deformation Models, Southern Nepal
The processes responsible for uplift are either aseismic or the seismicity is below the detection levels of the somewhat sparse Nepal seismic network (Figure 7) . Deformation may be caused by elastic or inelastic processes that are conservative, implying no loss of mass, or nonconservative, involving a loss of mass from the system during deformation. We limit our search to models that are conservative and whose deformation is produced by some combination of slip on known or inferred faults. We further assume that the faults identified in the seismic profiles are where d is a n x 1 data vector of vertical velocity observations, G is a n x rn matrix of Green's functions calculated using algorithms derived by Okada [1985 Okada [ , 1992 Figure 8 ) simulating a locked fault below Fl. Qualitatively, the fit to the observed vertical velocity field is similar to models 1 and 2. Quantitatively, the weighted rms misfit is greater than that for model 1 (Table 1) Inversion results in a slip rate of 7.1 mm/yr beneath the Lesser Himalaya and a 2.5 mm/yr slip rate beneath the plains. An F ratio of 0.9 suggests there is no significant difference between models 1 and 6 at the 95% confidence level.
The slip rate estimates indicated in the models minimize the sum of the squares of the residuals between the observed and synthetic vertical velocity fields given the fixed fault geometry and uniform slip on the fault segments indicated. Models 3 and 5 are rejected because of their poor fit to the data (Table 1) 
Deformation Models, Greater Himalaya
Several elastic dislocation models can emulate the amplitude, approximate symmetry and 40-km wavelength of the observed vertical velocity field in northern Nepal. However, two distinct categories of subsurface structure can be invoked: (1) north dipping throughgoing detachment faults (including the ramp structure discussed above) or faults terminating beneath or near the center of the uplift, or (2) vertical regions of contraction centered beneath the region of uplift. Subsurface volume contraction is associated with metamorphic processes related to dewatering and the replacement of minerals by denser minerals and by mass removal by pressure solution. Calculations indicate that the observed vertical velocity field can be generated by a >4-km-high, vertical line of contraction no shallower than 8 km depth or by distributed convergence at shallower depths.
Numerous hot springs occur in northern Nepal near the Main Central Thrust in the Greater Himalaya and the Main Boundary
Thrust in the Lesser Himalaya [Bhattarai, 1980] . Tatopani, meaning hot water in Nepalese, is a common village name. Although the location of these springs is consistent with our suggested contraction mechanism, Bhattarai [1980] argues for a nonmetamorphic origin for their waters based on mineral composition. Moreover, the cumulative mass effusion rate from the sum of dissolved and suspended matter is approximately an order of magnitude too low to account for the observed deformation rates. Thus although metamorphic processes constitute an appealing mechanism in deforming the accretionary prism, currently available data do not support a detailed analysis of contraction models.
In the following dislocation models we fix the geometry of a Main Detachment Fault south of the Greater Himalaya to dip 6 ø to the north at a 15.5 km depth 107 km north of the Indian border (F4 in Figure 9 ). We are guided in the selection of fault geometries by the depth of earthquake focal mechanisms reported by Seeber et al. [1981] We next assume that no slip occurs in the interseismic period on the inferred rupture zone of great earthquakes south of the Greater Himalaya and generate an alternative suite of models for ramp geometry and slip rate (Figures 9b and 9c) . In Figure 9b we assume uniform slip beneath southern Tibet and on the ramp thrust. Although the dip of the ramp thrust is poorly constrained in these models, the estimated convergence rate of 9ñ4 mm/yr between India and southern Tibet is reasonably well constrained, yet this rate is significantly lower than that predicted by other studies 
Discussion
The 18 mm/yr convergence rate between India and southern Tibet determined in Figure 9a is consistent with previous studies [Molnar, 1990] Assuming thai great earthquakes rupture those segments of our models that are deficient in slip during the current aseismic stage of the earthquake cycle, the tectonic deformation field driving the morphology of the Himalaya can be estimated by assigning uniform slip of 18 mm/yr on all dislocations shown in Figure 10 . If we do this, we find that uplift occurs forward of the high Himalayan peaks (Figures 1 and 11) . River terrace data described by lwata et al. [1984] along the Kali Gandaki also suggest that uplift is occurring north of the leveling line; however, the along-arc registration of the terrace and leveling data is problematic. Thus, either different processes are responsible for the concordance of the high peaks, or their southern flanks have been eroded, or additional structures are activated during the coseismic stage of the earthquake cycle. If we were to admit that thickening of the accretionary wedge is currently occurring by steady state southward reduction of slip on a basal detachment, the peak uplift region would be driven farther south of the maximum shown in Figure 11 .
The mean uplift signal for many earthquake cycles across Nepal is 3.8 mm/yr. This includes the region of significant deformation near the southern end of the accretionary wedge, the details of which will differ depending on the activation of different combinations of shallow faults. Note that this mean uplift rate is almost double the rate associated with the forward motion of a 6 ø tapered wedge at 18 mrrdyr. If we assume that erosion and uplift are equal and that the uplift rate for Nepal is applied to the entire range (100x2000 km2), then the mean erosion rate would be 0.76 km3/yr. The mass removal rate is equivalent 8280 t/km2/yr using a mean density of 2.3 g/cm 3. These estimates are within an order of magnitude of erosion rate estimates based on sediment transport through the Ganges [Milliman and Syvitski, 1992 ] and volume accumulation rates for the Bengal fan [Copeland and Harrison, 1990 ].
Conclusions
Leveling data across Nepal provide valuable insight regarding the deformation processes responsible for the formation of the Himalaya. We propose a range of subsurface structures which may be responsible for the observed vertical velocity field using the simplifying assumption that two-dimensional elastic processes account for the short term deformation in the Himalaya. Presumably, these processes acting over long periods drive inelastic mechanisms resulting in permanent deformation. In addition to assuming dislocation slip is a mechanism for creating surface deformation fields, we suggest that subsurface volume contraction (pressure solution or metamorphism) may also contribute to local uplift features. From the vertical deformation field alone we are unable to distinguish between the models we present although some appear more plausible than others.
In southern Nepal we are guided in our selection of possible This suggests that locally, the rupture surface of great detachment earthquakes may be creeping, hence releasing some of the slip available for seismic rupture. In northern Nepal, higher rates of uplift over a broader region require slip on a northward dipping thrust fault at depth. We are guided in the selection of the downdip depth of this thrust fault by the recent finding of a shallow dipping reflector beneath southern Tibet that may represent the upper surface of the Indian plate. Slip rates of 9-18 mm/yr beneath southern Tibet and on this ramp thrust fault satisfy the leveling data, the lower rates being associated with a locked detachment surface beneath central Nepal. The location, dip, and scale of this thrust fault are similar to the crustal scale ramp invoked to explain gravity data and some seismic data near the Greater Himalaya. It is tempting to conclude that the leveling data confirm the existence of this ramp thrust; however, because the leveling data diminish in accuracy toward the border with Tibet and are sparse north of the Tibetan border, it is possible that the thrust fault we are modeling may lie forward of the crustal scale ramp invoked to explain the growth of the high peaks bordering southern Tibet. This conclusion is also suggested by river terrace data extending into the Mustang region of Nepal 200 km to the west.
Because of the unknown contribution from systematic height dependent errors and the known uncertainties from random errors in the leveling data, the long-wavelength uplift signal across the Himalaya in this interseismic period is poorly determined. Upper limits on the signal are estimated to be 6_+5 mm/yr. If we are to reconcile the slip rates on structures determined for southern and northern Nepal, higher rates of uplift would require slip of -8 mm/yr beneath central Nepal whereas lower rates permit an essentially locked zone beneath central Nepal. Thus, although the leveling data do not permit a complete understanding of whether aseismic slip is reducing the slip available for future seismic rupture beneath the Himalaya, we may reasonably reject an aseismic slip rate greater than 30% of the India/Tibet convergence rate.
Thus aseismic slip, should it be occurring, at most reduces slip available for rupture causing an increase in the recurrence interval between great Himalayan earthquakes. Our estimates for India/Tibet convergence of 9-18 mm/yr are consistent with independent estimates of this rate from geological and seismological estimates as well as with recent GPS measurements in Nepal. The leveling data suggest that horizontal deformation studies require a control point spacing of not less than 10 km if the mechanics of the collision process is not to be aliaseal by activity on the smaller-scale features we find to be currently active. Precise leveling data in southern Tibet are especially desirable to determine the mechanics of the inferred crustal scale ramp that is believed to be responsible for the recent uplift of the Greater Himalaya.
